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(57) ABSTRACT 


A method for combusting a combustible fuel includes pro- 
viding a vessel having an opening near a proximate end and a 
closed distal end defining a combustion chamber. A combus- 
tible reactants mixture is presented into the combustion 
chamber. The combustible reactants mixture is ignited creat- 
ing a flame and combustion products. The closed end of the 
combustion chamber is utilized for directing combustion 
products toward the opening of the combustion chamber cre- 
ating a reverse flow of combustion products within the com- 
bustion chamber. The reverse flow of combustion products is 
intermixed with combustible reactants mixture to maintain 
the flame. 
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STAGNATION POINT REVERSE FLOW 
COMBUSTOR 

BENEFIT CLAIMS TO PRIOR APPLICATIONS 

5 

This application claims the benefit of U.S. Provisional 
Application No. 60/578,554 filed on Jun. 10, 2004. 

GOVERNMENT INTERESTS 

10 

This invention was made in part during work supported by 
the U.S. Government, including grants from the National 
Aeronautics and Space Administration (NASA), #NCC3- 
982. The government may have certain rights in the invention. 

15 

FIELD OF THE INVENTION 

This invention relates to combustion systems in general 
and more particularly to a combustion system which utilizes 
a combustion chamber design for low pollutant emissions by 20 
creating a stagnation point for anchoring a flame and reverse 
flow of combustion products that partially mixes with the 
incoming reactants. 

BACKGROUND 25 

Combustion and its control are essential features to every- 
day life. Approximately eighty-five percent of the energy 
used in the United States alone is derived via combustion 
processes. Combustion of combustible resources is utilized 30 
for, among other things, transportation, heat and power. How- 
ever, with the prevalent occurrences of combustion, one of the 
major downsides of these processes is environmental pollu- 
tion. In particular, the major pollutants produced are nitrogen 
oxides (NOx), carbon monoxide (CO), unbumed hydrocar- 35 
bons (UHC), soot and sulfur dioxides. Emissions of NOx in 
particular, have exceeded over twenty -five million short tons 
in preceding years. Such pollutants have raised public con- 
cerns. 

In response to public concerns, governments have initiated 40 
laws regulating the emission of pollutants. As a result, current 
combustion systems must efficiently convert the fuel energy 
into heat with low emissions of NOx, CO, UHC, and soot. 

To burn, the fuel must first mix with an oxidant such as air. 
The resulting mixture must then be supplied with sufficient 45 
heat and, if possible, free radicals, which are highly reactive 
chemical species such as H, OH and O, to ignite. Once igni- 
tion occurs, combustion is generally completed within a very 
short time period. After initial ignition, combustion proceeds 
via an internal feedback process that ignites the incoming 50 
reactants by bringing them into contact within the combustor 
with hot combustion products and, on occasion, with reactive 
gas pockets produced by previously injected reactants. 

To maintain the flame in the combustor, it must be anchored 
in a region where the velocity of the incoming reactants flow 55 
is low. Low velocities, or long residence times, allow the 
reactants sufficient time to ignite. In the well known Bunsen 
burner, the flame is anchored near the burner’s rim and the 
required feedback is accomplished by molecular conduction 
of heat and molecular diffusion of radicals from the flame into 60 
the approaching stream of reactants. In gas turbines, the flame 
anchoring and required feedback are typically accomplished 
by use of one or more swirlers that create recirculation 
regions of low velocities for anchoring the flame and back 
flow of hot combustion products and reacting pockets that 65 
ignites the incoming reactants. In ramjets and afterburners, 
this is accomplished by inserting bluff bodies, such as a 
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V-shaped gutter, into the combustor to generate regions of 
low flow velocities and recirculation of hot combustion pock- 
ets and reacting gas pockets to anchor the flame and ignite the 
reactants. 

More recently, in an effort to reduce NOx emissions in 
industrial processes, the use of high velocity fuel and air jets 
to attain what is referred to as flameless combustion has been 
advocated. U.S. Pat. No. 5,570,679 discloses a flameless 
combustion system. In the ’679 patent, an impulse burner is 
disclosed. Fuel and air jets that are spatially separated by 
specified distances are injected into the combustor or process 
with high velocities. The system incorporates two separate 
operating states. In the first state, the burner is first switched 
such that a first fuel valve is opened and a second fuel valve is 
closed. The fuel and oxidant are mixed in an open combustion 
chamber and ignited with stable flame development and the 
flame gases emerge through an outlet opening in the combus- 
tion chamber to heat up the furnace chamber. As soon as the 
furnace chamber is heated to the ignition temperature of the 
fuel, a control unit switches the burner over to a second 
operating state by closing of the first fuel valve and opening a 
second fuel valve. In this second operating state, no fuel is 
introduced into the combustion chamber and as a conse- 
quence, the burning of the fuel in a flame in the combustion 
chamber is essentially suppressed entirely. The fuel is fed into 
the furnace chamber exclusively. 

Because of their high momentum, the incoming fuel and 
oxidant jets act as pumps entraining large quantities of hot 
combustion products within the furnace chamber. Since the 
furnace chamber has been heated up to the ignition tempera- 
ture of the fuel, the reaction of the fuel with the combustion 
oxidant takes place in a distributed combustion process along 
the vessel without a discernible flame. Consequently, this 
process has been referred to as flameless combustion or 
flameless oxidation. Since this process requires that the 
incoming reactants jets mix with large quantities of hot prod- 
ucts, its combustion intensity, i.e., amount of fuel burned per 
unit volume per second, is low. Also, the system requires high 
flow velocity of the fuel jets to create the pump action neces- 
sary for mixing the fuel with the hot combustion products. 
Additionally, since a significant fraction of the large kinetic 
energy of the injected reactants jets is dissipated within the 
furnace, the process experiences large pressure losses. Con- 
sequently, in its current design, this process is not suitable for 
application to land-based gas turbines and aircraft engine’s 
combustors and other processes which require high combus- 
tion intensity and/or low pressure losses. 

In another combustion system, often referred to as well 
stirred or jet stirred combustor, fuel and oxidant are mixed 
upstream of the combustion chamber and the resulting com- 
bustible mixture is injected via one or more high velocity jets 
into a relatively small combustor volume. The high momen- 
tum of the incoming jets produces very fast mixing of the 
incoming reactants with the hot combustion products and 
burning gases within the combustor, resulting in a very rapid 
ignition and combustion of the reactants in a combustion 
process that is nearly uniformly distributed throughout the 
combustor volume. 

Generally, existing combustion systems minimize NOx 
emissions by keeping the temperatures throughout the com- 
bustor volume as low as possible. A maximum target tem- 
perature is approximately 1800K, which is the threshold 
above which thermal NOx starts forming via the Zeldovich 
mechanism. Another requirement for minimizing NOx for- 
mation is that the residence time of the reacting species and 
combustion products in high temperature regions, where 
NOx is readily formed, be minimized. On the other hand, 
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temperatures and the residence times of the reacting gases and 
hot combustion products inside these combustors must be 
high enough to completely burn the fuel and keep the emis- 
sions of CO, UHC, and soot below government limits. 

Accordingly, there is a need to develop a simple combus- 5 
tion system which produces low NOx emissions while being 
adaptable to many operational environments. 

The object of the invention is to create a simple and low 
cost combustion system that uses its geometrical configura- 
tion to attain complete combustion of fuels over a wide range to 
of fuel flow rates, while generating low emissions of NOx, 
CO, UHC and soot. 

Another object of the invented combustion system is to 
provide means for complete combustion of gaseous and liq- 
uid fuels when burned in premixed and non-premixed modes 1 5 
of combustion with comparable low emissions of NOx, CO, 
UHC and soot. 

Another object of this invention is to provide capabilities 
for producing a robust combustion process that does not 
excite detrimental combustion instabilities in the combustion 20 
system when it bums liquid or gaseous fuels in premixed and 
non-premixed modes of combustion. 

Another object of this invention is to use the geometrical 
arrangement of the combustion system to establish the feed- 
back between incoming reactants and out flowing hot com- 25 
bustion products that ignites the reactants over a wide range of 
fuel flow rates while keeping emissions of NOx, CO, UHC 
and soot below mandated government limits. 

SUMMARY OF THE INVENTION 30 

A method for combusting reactants includes providing a 
vessel having an opening near a proximate end and a closed 
distal end defining a combustion chamber. A combustible 
reactants mixture is presented into the combustion chamber. 35 
The combustible reactants mixture is ignited creating a flame 
and combustion products. The closed end of the combustion 
chamber is utilized for directing combustion products toward 
the opening of the combustion chamber creating a reverse 
flow of combustion products within the combustion chamber. 40 
The reverse flow of combustion products is intermixed with 
the incoming flow of combustible reactants to maintain the 
flame. 

BRIEF DESCRIPTION OF THE DRAWINGS 45 

The methods and methods designed to carry out the inven- 
tion will hereinafter be described, together with other features 
thereof. 

The invention will be more readily understood from a 50 
reading of the following specification and by reference to the 
accompanying drawings forming a part thereof: 

FIG. 1A illustrates a prospective view of a combustion 
system and method utilizing a non-premix fuel supply 
according to the present invention; 55 

FIG. IB illustrates a schematic of fluid flows within the 
system and method shown in FIG. 1 A; 

FIG. 2A illustrates the flame shapes at two operating con- 
ditions at two predetermined flow rates of reactants according 
to the present invention; 60 

FIG. 2B illustrates the flame shapes at two operating con- 
ditions at two different fuel -air ratios of the present invention; 

FIG. 3A illustrates a prospective view of a combustion 
system and method utilizing a premixed fuel supply accord- 
ing to the present invention; 65 

FIG. 3B illustrates a schematic of fluid flows within the 
system and method shown in FIG. 3 A; 
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FIG. 4 illustrates a prospective view of a combustion 
method according to the present invention utilized in a jet 
engine; 

FIG. 5A illustrates measured vertical temperature distribu- 
tions at different radial locations arising from a gaseous tuel 
combustion shown in FIG. 3A; 

FIG. 5B illustrates measured vertical temperature distribu- 
tion within the combustor obtained from the presented gas- 
eous fuel when burning in FIG. 5A; 

FIG. 6A illustrates measured vertical temperature distribu- 
tion at different radial locations arising from a liquid fuel 
combustion shown in FIG. 1A; 

FIG. 6B illustrates measured vertical temperature distribu- 
tion within the combustor obtained from the data in FIG. 6 A; 

FIG. 7 illustrates NO x emissions corrected to 15% 0 2 ver- 
sus equivalence ratios when burning a liquid fuel at various 
air injection velocities yielding various power densities of the 
present invention; and 

FIG. 8 illustrates NO x emissions of some examples of the 
present invention when burning gaseous and liquid fuels with 
various reactants’ injection velocities and different equiva- 
lence ratios. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Referring now in more detail to the drawings, the invention 
will now be described in more detail. 

As shown in FIG. 1 A, a system and method of combusting 
are disclosed. Combustion system A includes a vessel 10 
which has a proximate end 12 and a distal closed end 14 
defining a combustion chamber 16. Proximate end 12 may 
define opening 13. Also, opening 13 may be located near 
proximate end 12 in either sidewall 17. A fuel supply 18 and 
oxidant supply 19 are provided into the combustion chamber 
for combustion. An igniter (not shown) ignites the reactants 
creating a flame 20 and combustion products 22. Due to the 
geometry of combustion chamber 16, the incoming reactants 
flow, which initially flows toward the distal closed end, is 
reversed and the combustion products flow 22 and 23 exit via 
opening 13. 

FIGS. 2A and 2B illustrate the adaptability of the combus- 
tion system A. As shown in FIG. 2A, different flame tip 
locations may be established within the stagnation zone uti- 
lizing the combustion chamber design having a distal closed 
wall and sidewalls when operated with different reactants 
flow rates. For a first operating condition having a predeter- 
mined flow rate, a flame tip location 100 may be realized for 
stabilizing the flame. For another operating condition utiliz- 
ing a higher flow rate of reactants, the flame tip is located at 
location 110 which is closer to the combustion chamber end 
wall than for the lower flow rate reactants. As FIG. 2 A illus- 
trates, the tip of the flame within the combustion chamber 
occurs within the stagnation zone near the distal end wall 
where the velocity of the incoming reactants flow is low. As 
shown in FIG. 2b, the shape of the stabilized flame varies as 
the equivalence ratio of the reactants changes and a stable 
flame is attained at different reactants equivalence ratios. 

The stagnation zone acts to produce the low velocity, long 
residence time conditions that are conducive to stabilizing the 
flame under a wide range of fuel flow rates and equivalence 
ratios. Thus, even at high inlet velocities, the stagnation 
region is distinguished by low local velocities. Similarly the 
flame remains stable even for very low equivalence ratios, as 
identified by symbol § phi. To one skilled in the art, the 
definition of equivalence ratio is as follows: actual fuel-air 
mass ratio divided by the stoichiometric fuel-air mass ratio. 
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As shown in FIG. 1 A, one embodiment of the system is for 
a non-premixed combustion system. In a non-premixed com- 
bustion system, reactant and oxidant are provided separately 
into the combustion chamber and mixed within the combus- 
tion chamber. In the preferred embodiment, a fuel jet 18 
provides fuel via a central stream. Adjacent the central fuel jet 
is an oxidant jet 19. In the preferred embodiment, oxidant jet 
19 is annular which surrounds the central fuel jet. However, 
various oxidant jet configurations may be had which provide 
for a flow of oxidant to encircle the fiiel flow. The fiiel reac- 
tants and oxidant are mixed within the combustion chamber 
to provide a combustible reactants mixture. As shown in FIG. 
1A, the jets have their outlets aligned to prevent any pre- 
mixing and are preferably are axially aligned with vessel 10. 
These jets may be located within the combustion chamber or 
in a close proximity outside of the combustion chamber. The 
combustible reactants mixture is capable of being injected 
into the combustion chamber at different rates via a nozzle, 
and the combustion process may have a turndown ratio of at 
least 1 .5 and can be greater. 

As shown in FIG. IB, the separate fuel and oxidant flows 
interact within the combustion chamber. As fuel flow 32 flows 
toward the end wall of the combustion chamber, it interacts 
with oxidant flow 34, which is also flowing toward the end 
wall of the combustion chamber. The interaction of the fuel 
and oxidant flows creates an inner shear layer 40. While this 
is occurring, combustion products and burning gas pockets 
flow 36 is flowing toward the open end of the combustion 
chamber away from the distal end of the combustion chamber. 
The combustion product and burning gas pockets flow 36 is 
simultaneously interacting with the downward oxidant flow 
34 creating a second, outer shear layer 42. The oncoming 
reactants flows are also slowed down as they approach the 
closed end wall of the combustion chamber, producing a 
stagnation flow zone 38 near the end wall. In the preferred 
embodiment, it is desired that stagnation zone 38 be located at 
least below the mid point of the combustion chamber in order 
to provide for a vessel which is of the smallest dimensions 
possible in both size and weight. 

To one skilled in the art, shear layers are created when 
velocities between the respective entities are different. For 
instance, as shown in FIG. IB, the different velocities 
between the fuel and oxidants create a first shear layer, and the 
different velocities between the oxidants and combustion 
products and radicals create a second shear layer. This is also 
shown in FIG. 3B wherein a shear layer is shown between the 
premixed reactants and the combustion products and radicals. 
A critical feature of the invention is that the shear layers 
between the reactants and combustion products and radicals, 
element 42 in FIG. IB and element 54 in FIG. 3B, exist 
because of opposite counter flowing streams which are par- 
allel to one another. Most preferably these flows are along the 
axis of the combustor and consequently parallel to the axis of 
the combustor. These shear layers exist in the vicinity of the 
entry of the reactants into the vessel’s combustion chamber. 
Hence, it is the geometry of the combustion chamber which 
enables the elements to be counter flowing adjacent and par- 
allel to each other sufficiently creating a shear layer which is 
essential to the invention. 

In the outer shear layer 42, the oxidant mixes with the hot 
products and in the inner shear layer, the oxidant mixes with 
the fiiel. Since the outer shear layer is located between two 
counter flowing streams, the mixing inside this shear layer is 
much more intense than the mixing within the inner shear 
layer that involves mixing between fiiel and oxidant streams 
that move in the same direction. The resulting streams of 
fuel-oxidant and oxidant-hot combustion products and bum- 
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ing gas pockets that form in the inner and outer shear layers, 
respectively, come into contact and burn in a manner similar 
to a premixed mode of combustion, which produces low NOx 
emissions when the equivalence ratio of the reactants mixture 
5 is low. Thus, this mixing between the incoming reactants and 
out flowing hot products and reacting gas pockets establishes 
the feedback of heat and radicals needed to attain ignition 
over a wide range of fuel flow rates. Since the presence of 
radicals in a mixture of reactants lowers its ignition tempera - 
to ture, some of the fuel ignites and bums at lower than normal 
temperatures, which can lead to a reduced amount of NOx 
generated in this combustion system. 

The intensity of mixing in the shear layers between the 
incoming reactants and out flowing hot combustion products 
15 and burning gas pockets generally controls the ignition and 
rate of consumption of the fuel. Specifically, an increase in the 
mixing intensity within these shear layers accelerates ignition 
and the rate of consumption of the fuel. Since in this invention 
the velocities of the co- and counter-flowing streams on both 
20 sides of the shear layers increase as the fuel supply rate to the 
combustion chamber increases, the intensity of the mixing 
rates inside the shear layers increases as more reactants are 
burned inside the combustor, thus accelerating the ignition 
and combustion of the reactants. Consequently, since the rates 
25 of the processes that consume the reactants automatically 
increase in this invention as the reactants injection rates into 
the combustion chamber increase, the invented combustion 
system can operate effectively over a wide range of reactants 
supply rates, and thus power levels. It also follows that the 
30 invented combustion chamber can bum reactants efficiently 
at rates needed for a wide range of applications, including 
land based gas turbines, aircraft engines, water and space 
heaters, and energy intensive industrial processes such as 
aluminum melting and drying. 

35 In the embodiment of FIG. 1A, as the hot gases leave the 
combustion chamber, they move around the pipes that supply 
the cold reactants into the combustor. This contact transfers 
heat from the hot combustion products into the reactants 
stream, thus increasing the temperature of the reactants prior 
40 to their inj ection into the combustor. This, in turn, reduces the 
time required to burn the fiiel or allows the combustion of 
leaner mixtures. 

FIGS. 3 A and 3B illustrate the operation of the combustion 
invention in a premixed combustion mode. As shown in FIG. 
45 3A, the system is generally the same as that for the non 
premixed system described with respect to FIG. 1A, except 
that the fiiel jet 46 is positioned to provide for the fiiel to mix 
with the oxidant flow 48 prior to entering into the combustion 
chamber. As shown in FIG. 3B, the premixed reactants flow 
50 50 interacts with counter flowing combustion products flow 
52 to establish only one shear layer 54 between the counter 
flowing streams. The injected combustible mixture is ignited 
in the shear layer 54 at its outer boundary where it mixes with 
hot combustion products and radicals supplied by the stream 
55 of gases flowing in the opposite direction out of the combus- 
tion chamber. As the flow of reactants decelerates as it 
approaches the closed end of the combustion chamber, the 
rate of mixing between the reactants and hot products and 
reacting gas pockets is increased by the formation of vortices 
60 in the flow. This, in turn, causes a larger fraction of reactants 
to ignite and bum as the flow approaches the closed end of the 
combustion chamber. 

The invented combustion system can also burn liquid fuels 
in premixed and non premixed modes of combustion. When 
65 burned in a premixed mode, the liquid fuel is first prevapor- 
ized and then premixed with the oxidant to form a combus- 
tible mixture that is then injected into the combustion cham- 
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ber. The resulting mixture is then burned in a manner similar 
to that in which a combustible gaseous fuel-oxidant mixture is 
burned in a premixed mode, as described in the above para- 
graphs. When the liquid fuel is burned in a non premixed 
mode, the fuel is injected separately into the combustor 5 
through an orifice aligned with the axis of the combustion 
chamber and the combustion oxidant is injected in through an 
annular orifice surrounding the fuel orifice in the manner 
similar to that used to burn gaseous fuel in a non premixed 
mode, as described above. As in the non premixed gaseous to 
fuel combustion case, the oxidant stream is confined within 
two shear layer at its inside and outside boundaries. In the 
inside shear layer, the oxidant mixes with the injected liquid 
fuel stream. In the process, liquid fuel is entrained into the 
shear layer where it is heated by the air stream. This heating 15 
evaporates the liquid fuel and generates fuel vapor that mixes 
with the oxidant to form a combustible mixture. In the outer 
shear layer, the oxidant mixes with the counter flowing stream 
of hot combustion products and reacting gas pockets. The 
resulting fuel-oxidant mixture that is formed in the inner 20 
shear layer is ignited and burned in essentially premixed 
mode of combustion when it comes into contact with the 
mixture of oxidant-hot combustion products-reacting gas 
pockets mixture that formed in the outer shear layer. 

As shown in FIGS. 1A and 3 A, the fuel and oxidant injec- 25 
tors are adjacent to one another forming an injector assembly. 

For the non-premixed assembly shown in FIG. 1A, the outlet 
of the respective injectors where the fuel and oxidant enter 
into the combustion vessel is most preferably located within 
the combustion vessel past the plane defined by the opening in 30 
the proximate end. For the pre-mixed assembly shown in FIG. 

3A, the mixed combustion reactants of fuel and oxidant are 
presented to the combustion chamber past the plane defined 
by the opening in the proximate end. Additionally, the area 
adjacent the injectors near the point where the combustible 35 
reactants enter into the combustion vessel is unobstructed. 
Preferably the opening of the vessel is adjacent the injectors 
such that an unobstructed flow of combustion reactants is 
presented adjacent the injectors’ outlets where the combus- 
tible reactants enter into the combustion vessel through the 40 
plane created by the vessel’s opening. 

FIG. 4 illustrates a utilization of the combustion system 
when applied to a jet engine. Fuel and oxidant are provided 
via source 56 and directed toward the closed end wall 58 of 
combustion chamber 6 0 . The combustion products generated 45 
in the flame region in the stagnation zone 64 near the closed 
end wall 58, are forced by the closed wall 58 to reverse flow 
direction and move towards the combustor exhaust outlet 66. 

As shown in this embodiment, the combustor exhaust outlet 
66 is defined as the point within the overall vessel which is 50 
proximate to the inlet position of the reactants 56. Hence, as 
shown in this embodiment, the combustion chamber itself 
may be part of a larger vessel. In the example as shown, the 
combustor is connected to a transition section 69 with an 
exhaust nozzle 68 which enables the combustion products to 55 
exit the combustor. This exit is to be distinguished from the 
combustion exhaust outlet 66 as utilized herein. 

FIGS. 5 and 6 illustrate examples of measured average 
temperature distributions within the present invention. FIG. 5 
shows the shape of a flame created when gaseous fuel was 60 
burned in the present invention. A key feature of the present 
invention is the elimination of high temperature regions 
within the combustion chamber. By eliminating such high 
temperature regions, NOx emissions are minimized. As 
shown in FIG. 5, the flame is approximately stabilized in a 65 
location within stagnation zone 70. Also, the average tem- 
peratures within the invented combustor are generally below 
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1800 degrees K. Since the invented combustion systems 
essentially bums gaseous and liquid fuels in a premixed mode 
of combustion, even if the fuel and oxidant are injected sepa- 
rately into the combustion chamber, the temperature of the 
resulting flame can be kept below the threshold value of 
1800K that produces NOx by controlling the amounts of 
oxidant and fuel supplied into the combustion chamber. 
When the overall air-fuel ratio is high, the resulting flame 
temperature is low, resulting in low NOx emissions. 

FIG. 6 shows the average temperature distribution within 
the invented combustor for a particular example when burn- 
ing a liquid fuel at an equivalence ratio of 0.48 and injected air 
velocity of 1 12 m/s. A stagnation zone between 74 and the 
wall was established providing a low velocity region near the 
distal wall where the flame is stably anchored around line 74. 
Again, no high temperature regions are evident. 

FIG. 7 illustrates the dependence of the NOx emissions 
within the combustion chamber shown in FIG. 1, when burn- 
ing heptane liquid fuel in a non premixed mode of combus- 
tion, upon the injection air velocity and global equivalence 
ratio. As shown by the chart, the power density of the system 
increased as the equivalence ratio increased and the velocity 
of the oxidant increased. This chart illustrates that depending 
on the ultimate utilization of the combustion system of FIG. 1 , 
NOx emissions as low as 1 part per million could be obtained 
with good power density or if more power or slower flow rates 
were desired the NOx emissions could still be maintained at 
low levels without changing the combustor size. 

FIG. 8 illustrates the results of multiple tests conducted 
utilizing the combustion system shown in FIGS. 1 and 3. The 
combustion system produced extremely low NOx emissions 
while burning gaseous and liquid over a wide range of gas- 
eous and liquid fuel flow rates and equivalence ratios. Fur- 
thermore, since in this invention the generated fuel-air mix- 
ture is mixed with hot combustion products and radicals, such 
as O, OH and H, the combustor can be operated at low 
equivalence ratios, and thus low temperatures, reducing NOx 
emissions. In fact, FIGS. 7 and 8 illustrate that tests with the 
invented combustion system produced NOx emissions as low 
as 1 ppm at 15% 0 2 when burning gases and liquid fuels in 
premixed and non premixed modes of combustion. 

In operation as previously described, a method for com- 
busting a fuel includes providing a vessel having an opened 
proximate end and a closed distal end defining a combustion 
chamber. A fuel and oxidant are presented into the combus- 
tion chamber. The fuel is ignited creating a flame and com- 
bustion products. The closed end of the combustion chamber 
is utilized for slowing the approaching flow, creating a stag- 
nation region, and for redirecting combustion products 
toward the open end of the combustion chamber, thus creating 
a reverse flow of combustion products within the combustion 
chamber. The reverse flow of combustion products is inter- 
mixed with the oncoming reactants maintaining the flame. 
The utilization of a reverse flow of combustion products 
within the combustion chamber and the creation of a stagna- 
tion zone maintain a stable flame, even at low temperatures. In 
operation a power density of 100 MW/m 3 has been achieved. 

The advantages provided by the combustion system are 
capabilities to bum gaseous and liquid fuels with an oxidant 
in either premixed or non-premixed modes of combustion 
with high combustion efficiency, low NOx emissions and 
high power densities. 

The advantages of the combustion system provides for a 
powerful, low NOx system which can be utilized to bum 
gaseous and liquid fuels in either premixed or non-premixed 
mode with oxidants. 
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What is claimed is: 

1. A method of combusting reactants including a fuel and 
an oxidizer, comprising the actions of: 

a. directing the reactants from a nozzle into a combustion 
chamber so that a fuel flow is surrounded and shielded 5 
by a concentric oxidizer flow; 

b. igniting the reactants to initiate combustion in the com- 
bustion chamber, thereby generating a flame and com- 
bustion products; 

c. reducing velocity of the reactants inside the combustion to 
chamber so as to anchor part of the flame relative to the 
combustion chamber adjacent to a stagnation zone; 

d. mixing a portion of combustion products with the oxi- 

dizer flow in a non-combusted portion of the reactants 
between the nozzle and the flame by redirecting the 15 
combustion products so as to flow coaxially outside of 
the oxidizer flow, in a direction counter thereto, so that 
the combustion products come in contact with the oxi- 
dizer flow, thereby forming a shear layer between the 
combustion products and the oxidizer flow and so that 20 
combustion products mix with the oxidizer flow in the 
shear layer, thereby maintaining combustion of the reac- 
tants at a temperature that is lower than would be 
obtained if the portion of the combustion products were 
not mixed with the oxidizer flow; and 25 

e. exhausting the combustion products coaxially about the 
reactants flowing into the combustion chamber in a 
direction that is opposite to the reactants flowing into the 
combustion chamber. 

2. The method of claim 1, further comprising the action of 30 
preheating the reactants by directing hot gasses leaving the 
combustion chamber about at least one pipe supplying the 
reactants to the nozzle. 

3. The method of claim 1, further comprising the action of 
maintaining flow rates of the reactants so that combustion 35 
mostly occurs at a temperature that is less than 1750K. 

4. An apparatus for combusting reactants including a fuel 

and an oxidizer, which have been ignited so as to generate a 
flame and create combustion products, the apparatus com- 
prising: 40 

a. a combustion chamber having an open proximal end and 
an opposite distal end, an end wall disposed at the distal 
end, the combustion chamber configured so that the 
combustion products are exhausted coaxially about the 
reactants flowing into the combustion chamber in a 45 
direction that is opposite to the reactants flowing into the 
combustion chamber; and 

b. a nozzle that is configured to direct a fuel flow and an 

oxidizer flow into the combustion chamber so that the 
oxidizer flow shields the fuel flow, 50 

the end wall of the combustion chamber being config- 
ured to reduce a velocity of the reactants inside the 
combustion chamber so as to anchor part of the flame 
relative to the combustion chamber adjacent to a stag- 
nation zone and to redirect the combustion products 55 
so as to flow coaxially outside of the fuel flow and the 
oxidizer flow, in a direction counter thereto, so that the 
combustion products come in contact with a non- 
combusted portion of the fuel flow and the oxidizer 
flow, thereby forming a shear layer between the com- 60 
bustion products and the non-combusted portion and 

so that a portion of the combustion products mix with 
the oxidizer in the shear layer, thereby maintaining 
combustion of the reactants at a temperature that is 
lower than would be obtained if the portion of the 65 
combustion products were not mixed with the oxi- 
dizer in the shear layer. 
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5. The apparatus of claim 4, wherein the proximal end of 
the combustion chamber is configured to direct hot gasses 
leaving the combustion chamber about at least one pipe sup- 
plying the reactants to the nozzle thereby preheating the reac- 
tants. 

6. The apparatus of claim 4, wherein the nozzle is config- 
ured to maintain a flow rate of the reactants so that combus- 
tion mostly occurs at a temperature that is less than 1750K. 

7. A method of combusting reactants including a fuel and 
an oxidizer, comprising the actions of: 

a. premixing the reactants so as to generate premixed reac- 
tants; 

b. directing the premixed reactants from a nozzle into a 
combustion chamber, thereby generating an incoming 
reactant flow; 

c. igniting the reactants to initiate combustion in the com- 
bustion chamber, thereby generating a flame and com- 
bustion products; 

d. reducing velocity of the reactants inside the combustion 
chamber so as to anchor part of the flame relative to the 
combustion chamber adjacent to a stagnation zone; 

e. mixing a portion of combustion products with a non- 
combusted portion of the incoming reactant flow by 
redirecting the combustion products so as to flow coaxi- 
ally outside of the reactant flow, in a direction counter 
thereto, so that the combustion products come in contact 
with the non-combusted portion, thereby forming a 
shear layer between the combustion products and the 
non-combusted portion and so that combustion products 
mix with the non-combusted portion of the incoming 
reactant flow in the shear layer, thereby maintaining 
combustion of the reactants at a temperature that is lower 
than would be obtained if the portion of the combustion 
products were not mixed with the oxidizer flow; and 

f. exhausting the combustion products coaxially about the 
reactants flowing into the combustion chamber in a 
direction that is opposite to the reactants flowing into the 
combustion chamber. 

8. The method of claim 7, further comprising the action of 
preheating the reactants by directing hot gasses leaving the 
combustion chamber about at least one pipe supplying the 
reactants to the nozzle. 

9. The method of claim 7, further comprising the action of 
maintaining flow rates of the reactants so that combustion 
mostly occurs at a temperature that is less than 1750K. 

10. An apparatus for combusting reactants including a fuel 
and an oxidizer, which have been ignited so as to generate a 
flame and create combustion products, the apparatus com- 
prising: 

a. a combustion chamber having an open proximal end and 
an opposite distal end, an end wall disposed at the distal 
end, the combustion chamber configured so that the 
combustion products are exhausted coaxially about the 
reactants flowing into the combustion chamber in a 
direction that is opposite to the reactants flowing into the 
combustion chamber; and 

b. a nozzle that is configured to premix the reactants and to 
direct the reactants into the combustion chamber, 
thereby generating in incoming reactants flow, 

the end wall of the combustion chamber being config- 
ured to reduce a velocity of the reactants inside the 
combustion chamber so as to anchor part of the flame 
relative to the combustion chamber adjacent to a stag- 
nation zone and to redirect the combustion products 
so as to flow coaxially outside of the reactant flow, in 
a direction counter thereto, so that the combustion 
products come in contact with a non-combusted por- 
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tion of the reactant flow, thereby forming a shear layer 
between the combustion products and the non-com- 
busted portion and so that combustion products mix 
with the non-combusted portion of the incoming reac- 
tant flow in the shear layer, thereby maintaining com- 5 
bustion of the reactants at a temperature that is lower 
than would be obtained if the portion of the combus- 
tion products were not mixed with the oxidizer flow. 

11. The apparatus of claim 10, wherein the proximal end of 
the combustion chamber is configured to direct hot gasses 
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leaving the combustion chamber about at least one pipe sup- 
plying the reactants to the nozzle thereby preheating the reac- 
tants. 

12. The apparatus of claim 10, wherein the nozzle is con- 
figured to maintain a flow rate of the reactants so that com- 
bustion mostly occurs at a temperature that is less than 
1750K. 



